The microstructure of friction stir welded 1050 aluminum and 6061 aluminum alloy was observed by a metallographic technique, transmission electron microscopy, electron backscatter diffraction pattern and optical microscopy. In the stir weld zone, the microstructure of welded 1050 aluminum was significantly different from that of the welded 6061 aluminum alloy. In the case of welding 1050 aluminum, there was a comparatively uniform microstructure in the stir weld zone, not a wedge-shaped microstructure formed in a stir welded 6061 aluminum alloy. EBSD indicated that there was almost same fraction of low angle boundaries among the thermo mechanically affected zone in welded 1050 aluminum and 6061 aluminum alloy. In the stir weld zone, equiaxed grains were created and the grain size of 1050 aluminum was little larger than that of 6061 aluminum alloy, suggesting that precipitates pinning effect affects the dynamic recrystallization in the stir weld zone.
Introduction
Friction stir welding (FSW) is a valid welding technique for joining aluminum alloys that are difficult to weld by a fusion process and can be applied to a large number of aluminum alloys. Murr et al. studied precipitation-related microstructures in friction stir welded 6061 aluminum alloy and reported that needles and plates characteristic of Widmanstatten structures coincident with {110} planes. 1, 2) In addition to, the microstructure of 5182 aluminum alloy with different pretreatment before FSW was examined by Jin et al. and they reported that the stir weld zone(SWZ) is homogeneous dynamical recrystallized fine grain structure. 3) Further more, Salem and Rhodes et al. examined the evolution of the fine grains found in friction stir processed 2095 and 7050 aluminum and presented that the thermal and mechanical effect associated with the particle size and hardness. 4, 5) In our previous work, 6) we have investigated a dynamic recrystallization and a microstructure formed during friction stir welding of 6061 aluminum alloy by electron backscatter diffraction pattern(EBSD) and reported that the subgrains formed in thermo-mechanically affected zone(T-MAZ) are rotated along an axis as for the grain plastic flow. As mentioned above, many researches on FSW in 6000, 7000, 5000 and 2000 systems have been related with precipitates and microstructure. In order to clarify the process of variation in the microstructure in a joint stirred without the precipitates, 1050 aluminum contained the little impurities was investigated intensively.
Experimental Procedure
The material selected for this investigation was commercial 1050 aluminum plate with H24 condition(cold-rolled). Thickness of the specimen was about 6 mm. The chemical composition was as follows: Si 0.11, Fe 0.36, Cu 0.01, Mn Tr., Mg 0.02, Cr Tr., Zn 0.01, Ti 0.03, balance Al (all in mass%). The plates were held in compression and were rigidly clamped to the milling machine bed during welding. The diameters of the larger shoulder and small probe, which is threaded, were 20 mm and 6 mm, respectively. The rotating tool was aligned flush along the contact line and parallel with the surface of the clamped metal plates. This created an integral joint by severe plastic deformation of the material affected by the passage of the stirring tool. In this report, the travel speed was 38 mm/min and the rotating speed was 800 min À1 . After the welding stir process, specimens were cut into several sections perpendicular to the welding direction. Specimens were mechanically polished first with 1000 grit and 1500 grit SiC paper and then with 3 mm and 1 mm diamond paste. The final polishing of these specimens was accomplished using colloidal silica with about 40 nm in diameter, after which they were then etched in a perchloric acid/methanol solution at 273 K. After these treatments, they were prepared for optical microscopic observation and EBSD measurement. The EBSD measurement was conducted using a scanning electron microscope (SEM: JEOL JSM-6360A), selecting the conditions of 20 kV and a 15 mm work-distance. A Vickers microhardness measurement that extended across the entire weld region was made using a load of 25 g and a 15 s dwell time.
The thin specimens for transmission electron microscopic (TEM) observation were also slice like the specimens for EBSD at about a 0.5 mm thickness, ground to about a 0.2 mm thickness and then thinned by electronic-polishing to about 0.1 mm. Disks 3 mm in diameter were punched from these thin slices. The TEM thin foils were prepared by twin-jet polishing. The thin foils were examined using a JEOL JEM-2010 transmission electron microscope equipped with an energy dispersive X-ray spectrometer (EDS) detector.
Results and Discussion

Optical microstructure of joint portion
The cross-sectional microstructure of a friction stir welded 1050 aluminum plate is shown in Fig. 1 , a jar shaped microstructure is formed in the joint portion which is called for in a SWZ, the interior of the SWZ is deformed as a comparatively uniform microstructure, not like the wedgeshaped microstructure as shown in our previous work 6) on 6061 aluminum alloy. This is a remarkable difference in microstructure between the friction stir welded 1050 aluminum and 6061 aluminum alloy. The SWZ widens near the upper surface in contact with the rotating head-pin fixture, which is here after called that 'shoulder region'. A plastic deformation appears along the shoulder rotating direction. Next to the SWZ, the plastic flow pattern of the microstructure affected by thermo and mechanical factors is identified in the optical micrograph and is called the thermomechanically affected zone (TMAZ). Figure 2 shows a Vickers microhardness profile of the specimens produced at the same tool rotation speed as used in Fig. 1 . The hardness profiles were measured along the lines shown in Fig. 1 . The most significant feature of the hardness profiles in Fig. 2 is the apparent width of the transition region influenced by the solid-state flow accommodating the friction stir weld process. This hardness evolution occurs in large part from the top to the bottom and across or within the transition region between the SWZ and the base metal. The hardness data illustrates the uniformly general softening throughout the dynamically recrystallized SWZ and shows a very slight variance within the center of this zone and from the top to the bottom of the weld. Figure 2 also illustrates a variation in the hardness between the SWZ and the base material (or HAZ:
Vickers microhardness
Heat Affected Zone) hardness of roughly 6 HV. Compared with the hardness in friction stir welded 6061 aluminum alloy, as shown in ref. 6 with the value of 60 HV, it is far low.
Microscopic observation by EBSD
With the object of investigating the variation in the microstructure of the stir welded 1050 aluminum, small regions EBSD measurements were carried out. Figure 3 shows some typical orientation maps for the base material area that is far from the stir weld center which is not marked in Fig. 1 , the TMAZ and the SWZ that are marked in region B and C, respectively in Fig. 1 . Different colors indicate different crystallographic orientations defined in the inverse pole figure. The high angle boundaries, or grain boundaries with misorientations of more than 15 are delineated by the thick black lines. The low angle boundaries, or subgrain boundaries with misorientations from 2 to 15 noted by the thin white lines. A cold-rolled microstructure in the base material is shown in Fig. 3(a) and there are many subgrain boundaries inside of the high angle boundaries. In the left of the orientation map, a misorientation angle histogram for the right image is shown, the number fraction of low angle boundaries in the total number of boundaries is about 68%. This is distinctly different from that of base material in the 6061 aluminum alloy treated by T6 condition, 6) in which there are few low angle boundaries (number fraction only about 10%). Figure 3(b) shows a plastic flow in the TMAZ. It is not a significant plastic flow like stir welded 6061 aluminum alloy 6) because of strong viscosity of 1050 aluminum. The grains that are delineated by the thick black lines incline in one direction and the grains were elongated, suggesting that grains were lightly deformed by stirring and partly recovered. Compared with the base material, the number fraction of low angle boundaries decreases to 50% and the large angle boundaries are increased accounting the grain size becoming small.
The recrystallization of grains is shown through the thickness of the SWZ in Fig. 3(c) . It exhibits the equiaxed grains formed in the SWZ with an average size about 11 mm, slightly larger than grains of the stir welded 6061 aluminum alloy in this zone. This suggests precipitates in 6061 aluminum alloy take a role of pinning to suppress the growth of dynamic recrystallized grains, while in the case of 1050 aluminum there are no so many precipitates to suppress the growth of grains. The number fraction of the low angle boundaries decreases to 30%. A comparision of Figs. 3(a) and (c) illustrates that an average reduction in recrystallized grain size occurs from 46 to 11 mm and the low angle boundaries occurs from 68% to 30%, accounting the SWZ softening in general because of the decreasing of the retained strain in base material. The result shown in Fig. 2 also illustrates a variation in the microstructure. Figure 4 illustrates the microstructure of stir welded 1050 aluminum in base material, TMAZ and stir weld zone as shown in Figs. 4(a)-(c) by TEM. The TEM bright-field image in Fig. 4(a) shows a base material microstructure and exhibits a rolling microstructure. There are very few inclusions in grains. Figure 4(b) shows the microstructure in TMAZ, in which the plastic flow occurs as discussed in Fig. 3 . Dislocations in TMAZ are more than that in base material shown in Fig. 4(a) and decrease in the stir weld zone. Figure 5 illustrates the microstructure of the stir welded 6061 aluminum alloy, i.e. the base material, the TMAZ and the stir weld zone, respectively, as shown in Figs. 5(a)-(c) by TEM. It is different with the microstructure of 1050 aluminum. As shown in Fig. 5(a) , there are some needle like precipitates, particles like precipitates and some large precipitates. Figure 5(b) illustrates that subgrains are formed in TMAZ and precipitates seem to be stirred into the subgrains. In Fig. 5(c growth occur, and the needle like precipitates are dissolved into the matrix for the over aging, while the particles like precipitates are left.
Microscopic observation by TEM
Conclusions
In the stir weld zone, a comparatively uniform microstructure in the welded 1050 aluminum is significantly different from the welded 6061 aluminum alloy. The friction stir welding process produces a softened region both in the welded 1050 aluminum and in the welded 6061 aluminum alloy. The variation of the Vikers microhardness in the welded 1050 aluminum is much smaller than that in the welded 6061 aluminum alloy. In the stir weld zone, equiaxed grains are created and the grain size in the 1050 aluminum is a little larger than that in the 6061 aluminum alloy, suggesting that pinning effect due to precipitates affects the dynamic recrystallization in the stir weld zone. In TMAZ, a weak plastic deformation occurred and the new grains and subgrains are formed both in 1050 aluminum and in 6061 aluminum alloy. 
